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In this thesis, three problems concerned with the 
estimation of unknown resonance parameters in slow neutron 
spectroscopy are treated, fhe average level spacing < D > as 
a function of nuclear excitation energy E can he calculated 
by considering the nucleus as a gas of free fermions and then 
including corrections for the interactions present in actual 
nuclei. In Chapter II, the correction parameters used for 
this purpose by Gilbert and Cameron (1965) are readjusted so 
that excellent agreement with the observed level spacings is 
obtained. This work, described in section lie is the 
original work of the candidate and has been previously 
published (Cook, Ferguson and Musgrove 1967). The improved 
parameters codify all experimental masses as well as level 
spacings. 
Chapter III deals with the problem of inferring the 
thermal neutron cross section when no information is available 
about the nucleus in question. The original contribution of 
the candidate in sections Illb-e has been previously 
published (Musgrove 1968a). Statistical methods were used to 
obtain the mean and variance of thermal cross sections on the 
basis of a uniform sequence of levels and on a more exact 
model where the distribution of level spacings and reduced 
neutron widths are taken into account. 
Finally, in Chapter IV, tecliniques for correcting 
experimental data for the effect of missing levels are 
reviewed. A new method hased on the resonance profile 
between adjacent levels is described in sections IV-e,g and 
has been previously published (Musgrove 1968b), The method 
no longer requires the correction of an observed distribution 
of parameters to the theoretically expected one and the 
probability for missing levels is given directly as a 






CHAPTER III : 
CHAPTER IV 
INTRODUCTION page 
a) The Excitation Spectnim of the Nucleus 1 
b) Strength Functions 2 
c) Level Densities 3 
d) Radiation Widths 4 
e) The Distribution of Reduced Neutron Widths 5 
f) The Distribution of Radiation and 
Fission Widths 6 
g) The Level Spacing Distribution 8 
h) The Need for Nuclear Data 12 
i) A Survey of the Following Chapters 13 
NUCLEAR LEVEL DENSITIES 
a) Introduction 15 
b) The Gilbert and Cameron Formula for 
Nuclear Level Densities 17 
c) An Improvement on the Gilbert and 
Cameron Formula 20 
THE ESTIMATION OF THERMAL NEUTRON CROSS SECTIONS 
a) Estimation of Thermal Cross Sections by Monte Carlo Methods 32 
b) Thermal Cross Section Moments from a 
Uniform Level Sequence 34 
c) Thermal Cross Section Moments from an 
Exact Model 36 
d) The Average Contribution to the Thermal 
Cross Section from the First Three 
Levels 39 
e) Mean Thermal Cross Sections from a 
Sequence whose First Member is Known 46 
f) The Estimation of Resonance Integrals 47 
THE PROBLEM OF UNRESOLVED RESONANCES IN 
NEUTRON SPECTROSCOPY 
a) Introduction 51 
b) Fuketa and Harvey Method of Correction 
for Missed Levels 51 
page 
c) Correcijions to the Puketa-Harvey Method 55 
d) A Method of Correction for Fissile Nuclei 60 
e) The 'Resonance Profile' Method of 
Correction 65 
f) The Correction for Triple Overlapping 
of Levels 73 
g) The Method of Correction for Fissile 
Nuclides 83 
h) Calculation of the Prohahle Number of 
Missed Levels in 233^ 87 





a) The Excitation Spectram of the Nucleus 
"b) Strength Functions 
c) Level Densities 
d) Eadiation Widths 
e) The Distribution of Reduced Neutron Widths 
f) The Distributions of Radiation and Fission Widths 
g) The Level Spacing Distribution 
h) The Need for Nuclear Data 
i) A Survey of Following Chapters 
a) The Excitation Spectrtm of the Nucleus. 
In recent years, the excitation spectra of various 
nuclei have been extensively studied. The low lying excited 
states of these nuclei are essentially pure single-particle 
states and are described very well by a model in which a 
nucleón moves freely in an average potential which replaces 
its interaction with the rest of the nucleus (Mayer and 
Jensen 1955)» As the energy increases, more and more 
nucléons are excited out of the main body of the nucleus and 
the energy levels become complicated superpositions of single-
particle states. The intermixing of different configurations 
is so strong as the nucleus becomes even more excited that it 
is an impossible task (at least with existing nuclear theory) 
to explain individual energy levels, and the methods of 
statistics and statistical mechanics must be used in order to 
predict average level properties. The quantities of interest 
in the study of nuclear reactions are the average level 
spacing <D>, the strength function S^ which is defined as the 
ratio of the average reduced neutron width to the 
average level spacing, and the average radiation width ̂  fy^ . 
In transuranic elements where the excited nucleus may decay 
by fission, the average fission width is also required. 
In addition to studying these parameters as a function of 
mass number A and nuclear excitation energy, it is of con-
siderable importance to Imow how resonance parameters are 
distributed about their mean values for a particular nucleus. 
For instance. in fast reactor systesisj tlie temperature co-
efficient of reactivity is essentially determined by the level 
width distributions (Lane et al. 1956), while the calculation 
of average reaction cross sections requires Iniowledge not 
only of the average quantities mentioned above, but also 
their respective distribution laws (Lane and Lynn 1957a). 
For many stable and near stable nuclei, resonance 
parameters are Imown from experiment and may be used to test 
theoretical calculations or to provide semi-empirical 
formulae which can be used to extrapolate into regions where 
no resonance parameters have been measured. We now proceed 
to review in turn, the methods currently in use for the 
calculation of S^, ¿3)> and ̂ fy^ . 
b) Strength Functions. 
In the optical model of the nucleus (Preston 1962), the 
nucleus is thought of as a *'cloudy crystal ball'' able to 
refract, reflect and absorb incident nucleón waves. All 
absorption processes are replaced by a smoothly varjring 
imaginary part of the central potential and the model is 
therefore unable to predict the rapid cross section fluctu-
ations as the energy passes through resonances of the 
compound nucleus. The optical model cross sections are 
averages over many such resonances and the maxima and minima 
are related to the single-particle energies in the potential. 
As we have pointed out previously, the strong nuclear inter-
actions split the single particle states over many actual 
eompomia nucleus states and the strength function measures 
the magnitude of this splitting. By comparing the optical 
model with the rigorous theory of nuclear reactions (R-matrix 
theory), the strength function may he identified with the 
ratio /<D> . When the deformation of the rare earth 
nuclei is taken into account, impressive agreement with 
experimental strength functions is obtained using the optical 
model potential (Chase et al. 1958). 
c) Level Densities. 
The optical model makes no predictions ahout the 
behaviour of the average level spacing as a function of mass 
number since it is essentially a phenomenological model and 
its main area of usefulness is in codifying experimental data 
on reaction cross sections in terms of the few parameters 
defining the nuclear potential. The most widely used approach 
to the problem of predicting nuclear level densities has been 
to treat the nucleus as a gas of non-interacting fermions. 
Bethe (1936, 1937) was the first to derive a formal expression 
for the level density of such a gas and this expression, 
after suitably correcting for interactions present in actual 
nuclei (Newton 1956, Iiang and Le Gouteur 1954) gives good 
agreement with the observed spacings. The most recent and 
most accurate free gas formula is due to Cook et al. (1967) 
which is based on the method used by Gilbert and Cameron 
(1965) and this predicts average level spacings to within 
their experimental errors. The free gas formula will be dis-
cussed at greater length in Chapter II. 
d ) Raàiat i on W1 dths. 
The theoretical expression connecting the average total 
radiation width with level spacing and the excitation energy 
was first given hy Blatt and Weisskopf (1952) as: 
2 
= const A E-̂  dE 
D(Eg- E) 
where electric dipole transitions are the only transitions 
considered, (all other transitions occurring so slowly hy 
comparison that their contribution to the radiative width may 
"be neglected), is the level spacing at the neutron 
binding energy while E) is the spacing of levels to 
which transitions can occur. 
In principle, therefore, once the energy dependence of 
the level spacing is Imown, the integration may be carried 
out and ^fy^ found. However, Musgrove (1966) fitted an 
empirical function of D(E^), A and Eg to the available data 
and found the following relation: 
<rr> 2.4 X 10-4, ̂ 0.63 ^̂ ^ ^ 
where D is in el and Eg is in Me7. The formula fits the 
trend of the observed radiation widths quite well? the 
average factor of deviation between experimental and calcu-
lated values being 2, For most purposes, however, linear 
interpolation in A "between olDserved values gives reasonalDle 
estimates for <fy> • 
e) The Distrilpution of Reduced Heutron Widths. 
Prior to 1956, the experimental data were insufficient to 
determine the distributions of level widths and level spacings, 
but in that year, Porter and Thomas (1956) made a statistical 
analysis of available reduced neutron width data, and con-
eluded that, while a member of the ^ family of distributions 
with one degree of freedom was consistent with experiment, 
one with two degrees of freedom was not. Further they showed 
that this distribution was the theoretically predicted one on 
the compound nucleus theory. In brief, the reduced width 
amplitude for a particular compound nucleus reaction is pro-
portional to the product of the compound nucleus wave 
function and the wave function in the decay channel, 
integrated over the channel surface (see Preston 1962, Equn. 
16-74). The compound nucleus states are extremely complicated 
superpositions of different single particle states due to the 
strong interactions and the fractional parentage co-efficients 
in each state may be assumed to be independent (and randomly 
distributed). Therefore, the wave functions for different 
states of the compound nucleus are themselves independent. 
The integral over the channel surface may be regarded as a 
sum of independent contributions of random sign from "cells" 
of the surface having linear dimensions characteristic of the 
wavelength of a nucleón (^ cm). The central limit 
theorem of mathematical statistics (Gramér 1945) states that 
such a stim will "be approximately normally distributed with 
mean zero (and asymptotically normal as the number of cells 
approaches infinity). Since the reduced neutron width is 
proportional to the square of the reduced neutron width 
amplitude (Preston 1962) it is readily shown {Orsmer 1945) 
that the reduced neutron widths are distributed about their 
mean according to a distribution with one degree of 
freedom (also known as a Porter-Thomas distribution): 
p(x)dx = (271 x)"^/^ e""̂ /̂  dx , 1-1. 
where x = fn^ /^Vn^y . 
f ) The Distribution of Radiation and Pission Widths. 
Much the same argument applies to the distribution of 
partial radiation widths and since there are many independ-
ently contributing partial widths, the distribution of the 
total radiation width will be a narrow Gaussian (by the 
central limit theorem), the variance of which decreases as 
the n-umber of partial widths increases. Experiment bears out 
this conclusion and very little variation is found among 
radiation widths taken from level to level. We shall be 
content in what follows to assume that the radiation width 
may be taken as constant for a particular nuclide. 
In analogy with the radiation widths, the distribution 
of fission widths might also be expected to be narrow, since 
there are many possilDle fission product pairs when a heavy 
nucleus undergoes fission. However, analysis of the experi-
mental results (Harvey 1960) indicates that fission widths 
may he fitted to a ̂  distribution with between 2 and 4 
degrees of freedom. Evidently a very high degree of 
correlation must occur among the partial fission widths. 
This may be understood on the channel theory of fission (see 
for example, Wheeler 1963) where fission proceeds through a 
small number of states of collective distortion at the saddle 
point. The number of open fission channels depends on the 
spin and parity of the state in which the compound nucleus is 
prepared. It is to be expected, therefore, that the distri-
bution of fission widths for one spin state of a fissioning 
nucleus will be different from that in the other spin state. 
Furthermore, the average fission width for each spin state is 
also related to the effective number of open fission channels 
(Wheeler 1957) by: 
<rf> = . 
In the absence of spin deteminations for the levels of 
fissionable nuclei, neither of these predictions has been 
confirmed experimentally and it is therefore purely a matter 
of convenience to put all fission widths together and 
o characterise their distribution by a member of the ̂  family. 
g) The Level Spaoing Distrilpution. 
The fact that the compotind nucleus wave functions 
contain essentially random anioimts of many different con-
figurations and are therefore independent of each other, 
implies that the resonance energies of the compoxmd nucleus 
are themselves randomly distributed. Before 1957, it was 
thought plausibly that the positions of energy levels should 
"be uncorrelated; that is, the prohahility that a level will 
occur in E, E+dE is independent of E and is simply pro-
portional to dE. This assumption jrields a Poisson 
distMTDution law (Cramer 1945) for level spacings: 
•p{x)6x = e""^ dx , 
where x = 
Before the experimental situation was clear, however, 
Wigner (1957) proposed that the statistical "behaviour of 
levels in a simple sequence should be identical with the 
distribution of the eigenvalues of a matrix having random 
elements. A simple sequence is one in which members have the 
same quantum numbers for the conserved quantities such as 
spin J, and parity IX . For illustration, consider a 2x2 
matrix whose elements are chosen randomly. The difference 
between the two eigenvalues of 1̂1 ^12 2̂1 ^22 
IS 
—p 7 L ^̂ J 
^11 ~ ̂ 22 ^ ^ ^^ either a^2 ̂ ^ ̂ 21 ~ probability that 
these independent conditions be satisfied simultaneously is 
zero and rurthermore, the proTDalDility that the difference 
"between the two eigenvalues lies in the interval x, x+dx is 
equivalent to the probability that the point with cartesian 
co-ordinates (a^^ - a22» ^21 ^ occurs in an annular 
region "between x, x+dx from the origin. The probability 
contains the area element 27^xdx and therefore, at least 
for small x, the probability is proportional to x. Thus the 
distribution function for the difference vanishes at the 
origin (unlike the negative exponential distribution). 
Wigner postulated that the probability element was pro-
portional to X for all X and further asstoned that the 
probabilities in different incremental intervals ^/m were 
independent. The probability that given a level at the 
origin, the next level should occur in x, x+dx may now be 
obtained by dividing the interval (o,x) into m parts and 
multiplying probabilities that no level occurs in each 
interval with the probability that a level then occurs in 
X, x+dx . 
m-1 
p(x)dx = lim TT (1 - ax,r,x ) ax dx . 
^̂  J ̂ m m m-^^ r=o 
Taking logarithms of both sides we obtain: 
m-1 
log p(x) = log (ax) + lim log Cl - arx^ ) , 
m - ^ r=o m^ 
m-1 
= log (ax) + lim ^ - arx^ * 
2 / 2 
since arx /m is arbitrarily small and certainly 1. 
The sTrnmation over r is readily performed. 
log p(x) = log (ax) + lim P - ax m (m-
^ m 
and upon taking the limit as m we obtain finally: 
p(x)dx = ax e""̂ /̂  ^ ^ dx . 
fhe proportionality constant may "be obtained by requiring 
that the average value of x = D/<D> be unity ; 
X p(x)dx = 1, 
Jo 
therefore, by parts ; 
O 
which yields a =71/2 . 
!Phe Wigner distribution for spacings between levels in a 
simple sequence is therefore, 
w(x)dx = f x e - ^ ^ ^ / ^ dx , 1.2 
where x = B/<D> . 
It turns oat that Y/igner«s distribution, although not 
exact, is a very good approximation to the correct result 
calculated from the random matrix theory "by Mehta and Graudin 
(1960), a!he ioint probability that the eigenvalues of a 
random matrix will be 'Ê  is the so called Wishart 
distribution (see e.g. Mehta 1960). 
oC exp( - ^ ) IT - • 
i=1 i<D 
iPhe spacing distribution is obtained by integrating this 
expression over all variables except E^ and E2 and then sub-
stituting D = E2 - E^ and performing a further integration 
over E^. fhis formidable problem was substantially solved by 
Mehta and Gaudin (i960) and they showed that the Wigner 
distribution lies between calculated upper and lower bounds 
for the true distribution. Mach further work has been done 
on the random matrix h3rpothesis both by theoretical methods 
(Kahn 1963) using the methods developed by Mehta (i960), 
Gaudin (1961) and Dyson (1962) and by computer using Monte 
Carlo methods (Porter and Rosensweig (i960), Porter (1963)) 
in an effort to obtain higher and higher orders of the level 
spacing distribution. Significant sequential correlations 
are found between positions of adjacent eigenvalues of a 
random matrix, the correlation co-efficient between two 
adjacent spacings being -0.25. 
In this thesis, however, we take the distribution of 
level spacings to be given by the Wigner distribution ( 1 - 2 ) 
for simplicity and where the distributions of spacings taken 
two or more at a time are required in Chapters III and IV we 
ignore the anticorrelation effect and assme that adjacent 
spacings are independently and identically distributed. In 
the nuclear data statistics to he described it is needless 
elaboration to use the more exact and much more complicated 
expressions. 
h) The Need for Nuclear Data. 
Knowledge of the average resonance parameters for a 
large nxamber of nuclides is necessary for applications in 
astrophysics, reactor physics and fission physics. In many 
cases, owing to the extremely short lifetimes of the nuclides 
involved, no data are available or else are too crude to give 
reliable estimates for the average parameters. Of 80 major 
fission product nuclides causing reactor poisoning, 40^ have 
no measured resonance parameters. To calculate their effect 
on nuclear reactor behaviour, the capture cross section at 
each energy (or rather, averaged over particular ranges of 
energy) mast be computed using estimated values for S,<'D> 
and . Estimates for the unloiown parameters may be 
found using the methods outlined previouslŷ  provided always 
that formulae valid for stable and near stable nuclei, can be 
extrapolated far from the stability line. Even this 
information, however, is insufficient to determine the 
thermal capture cross section, since this depends sensitively 
on the position and actual neutron width of the first 
resonance level. 
Where possible, of course, parameters derived from 
experiment are used. Care must be taken, however, to correct 
the observed data for the effect of mperfect instrumental 
resolution. The most important correction to be made is for 
levels which are unresolved in the experiment. In most 
nuclei, the correction is small 10^) but for 
Musgrove (1967) reports that approximately 30^ of the levels 
are undetected. 
i) A Survey of Following Chapters. 
In the following chapters, three problems concerned with 
the inference of unlmown parameters are studied. Chapter II 
deals with the Free Gas Model Poimila for Level Densities 
and in particular the latest development of Cook, Ferguson 
and Musgrove (196?) which gives excellent agreement with 
experiment. 
The statistics of thermal cross sections are treated in 
Chapter III in an attempt to give estimates for this quantity 
when no other information is known about the nucleus in 
question. The earlier Monte Carlo estimates of Cook and Wall 
(1967) are also outlined. 
Chapter IV reviews earlier work on the problem of 
estimating the number of levels missed in a particular set 
of nuclear data and presents a new method based on the Breit 
Wigner resonance profile, whereby the probability of missing 
levels can be derived directly. 
Finally, Chapter Y summarises the main findings of the 
thesis. The original work of the author from which nrach of 
Chapters II, III and IV is taken has heen previously published 
(Cook et al. 1967, Musgrove 1968a,"b) while Chapter 11 also 
includes some work completed prior to registration for this 
degree (Musgrove 1967). 
CHAPTER II 
MJGLEAR LEVEL I)MSIO?IES 
a) Introdnction 
"b) The Gil'bert and Cameron Eonmla for 
Nuclear Level Densities 
c) An Improvement on the Gilbert and 
Cameron Formula 
a) Introduction 
In this chapter we will outline some attempts that have 
"been made to calculate the dependence of the average level 
spacing < D > on mass numher A, neutron and proton niamhers 
a and Z and the excitation energy E. Bethe (1936, 1937) 
first solved this problem hy considering the nucleus as two 
non-interacting free Permi gases; one of neutrons and the 
other of protons, The nucléons were assumed to move as 
individual particles in an infinitely deep square-well 
potential confined to the nuclear volume. The energy levels 
for the nucleus on this model are then simply eq.ual to the 
sum of individual nucleón energies and the density of levels 
is determined hy counting the n-umher of comhinations of 
energies of the particles for which the total energy lies 
within a given interval. 
The derivation of the level density fórmala for the free 
gas model using the methods of statistical mechanics can he 
found in Appendix C of Gilbert and Cameron (1965). The result 
for the density of all levels at excitation energy E is: 
p (E) = W e x p ( 2 V ^ ) , II-1 
12 > 7 7 4 
where a is the level density parameter and is directly 
proportional to the density of single particle levels for 
neutrons and protons. The expression II-1 is not yet the 
density required for the compound nucleus foimila since it 
includes levels witk all possilDle values for M, the Z component 
of total angular momentum. For a particular value of the 
total angular momentum J, there are 2J+1 possible values of 
M, namely J, J-1, ... -J. In the absence of an external 
field all 2J+1 different states with the same J value have 
the same energy (that is, they are M degenerate) and will be 
observed as a single level. Now the distribution of levels 
with different M values is given by Bethe (1937) as: 
p(E,M) = p(E) . exp(- 1 ^ 2 <r^) , II-2 
criW 
where CT is the so-called spin cut-off factor and is pro-
portional to the nuclear temperature and the nuclear moment 
of inertia. 
The level density II-2 includes all states with magnetic 
quantum number M and is therefore the density of all states 
with angular momentum J > M , Using the usual notation for a 
state with quantum numbers J and M, viz, , we can see 
that p (E, M=J) includes all the states : )J',J>, |j-f1,j>, 
(J+2,J^, ... and so on. Similarly the expression for 
p(E, 11=^+1) includes the states : 1j+1,J+0, |J+2,J+1> , ... 
and so on. How remembering that states such as and 
J+1,J-hiy refer to the same observable state (since they 
have the energy and total angular momentum), it is clear that 
the expression P (E, M=J) -^(E, l=J-i.l) gives us the density 
of the states ) ^^t density of observable 
states of spin J, each state counted once only. Using this 
we have: 
p(E,J) = exp(- -ezp(-(J+l)V2Cr^) 
II-3 
Expansion of the exponential terms gives the approximation: 
p(E,J) ̂  p(E) . 2J+1 exp (-(J+V2)V2<r^) , 
SO finally the required level density formula is: 
p(E,J) = J n exp (2-raE) . (2J+1) J-fV2) 
II-4 
The free gas formula II-4 does not yet give good agree-
ment with the observed nuclear level densities. This is 
because actual nuclei have important interactions and 
correlations which are not included in the simple model in 
which all interactions are ignored. 
In the following section we discuss one of the many 
attemptswhich have "been made to talsie these interactions into 
account and so make the free gas foimila more physically 
realistic. 
h) The G-ilbert and Cameron Formula for Nuclear Level Densities. 
The two major effects which must be included in the level 
density formula II-4 are nucleón pairing forces and nuclear 
shell effects. The effect of the nucleón pairing interaction 
is to depress the ground states of actual nuclei below those 
of the corresponding gases. This can he taken into accotint in 
the Free Gas Pomrala hy defining an "effective'* excitation 
energy TJ, meastired from the conceptual groiand state of the 
gas and used in II-4 in place of the actual excitation energy 
E. If the grofond state of the gas is approximated by the 
mass of the corresponding nucleus with hoth H and Z odd, then 
TJ is given "by: 
Ü = E - A E , II-5 
where A E is the nucleón pairing energy which takes into 
account even-odd effects in semi-empirical mass laws 
(Cameron 1957, Seeger 1961, Wing and Fong 1964). Gilbert and 
Cameron use the parameters derived from the mass law of 
Cameron (1957) ^ e r e the pairing correction A E is subdivided 
into separate contributions from paired neutrons and protons: 
A E = P(N) + P(Z) , II-6 
where P(H) and P(Z) are non-zero only if ÏÏ or Z are even. 
(The pairing correction has the practical justification 
of removing even-odd effects from the level density parameter 
a. In Bethe's theory, a is directly proportional to the 
mass number A, but, although this general trend prevails, 
large dips are found to occur in nuclei with proton or neutron 
numbers in the vicinity of the'taagic" numbers 28, 50, 82 or 
126. ÎDhese numbers correspond to stable closed shells in the 
nucleus. 
(xillDert and Cameron fotind that these deviations could 
he removed very well by use of the shell correction 
parameters from Cameron« s semi-empirical mass law. The 
total shell correction S is once again subdivided into proton 
and neutron contributions, 
S = S(H) + S(Z) , II-7 
and is found by fitting nuclidic masses far from closed 
proton and neutron shells. It was found that the ratio V a 
was linearly dependent on S for undefonaed nuclei: 
V A = 0,00917 S + 0.142 , II-8 
while deformed nuclei could be represented by the parallel 
strai^t line: 
V A = 0.00917 S + 0.120 . II-9 
Thus the pairing corrections and shell corrections derived 
from the semi-empirical mass law remove both the even-odd 
effects and the shell effects from the level density parameter. 
The modified form of II-4: 
p (U,J) = . (2J+1) expC-CJ-f"̂  
12 J A jj^A 
where the spin cut-off factor (T is given by Gilbert and 
Cameron as: 
cr = 0.0888 (aTJ) V 2 V 2 11-10 
ean now loe compared with actual nuclear level densities. 
The fit to o"bserved level densities is an toprovement 
over earlier fonaulae (e.g. Newton 1956, Lang and Le Couteur 
1954) "but in a large nuinber of cases the calculated value is 
well outside the experimental errors, Gilbert and Cameron 
use a figure of merit defined "by; 
F = exp^(¿lVn) 
where 1 = log ( p calculated/ ̂ observed) 
and n is the numher of nuclei considered. They obtained a 
value for F ofc¿, 1,75 which is a measure of the factor of 
deviation between experimental and calculated values. 
In an attempt to obtain closer agreement with experimental 
level densities. Cook, Pergason and Musgrove (1967) readjusted 
the correction parameters for shell and pairing effects used 
by Gilbert and Cameron (1965)« The method and results are 
given in the following section, 
c) An Improvement on the Gilbert and Cameron Fórmala 
fhe semi-empirical mass law of Cameron (1957) from which 
the shell and pairing corrections used in the level density 
formula are obtained still gives deviations of the order of 
200 keT from the experimentally measured masses. Consequently 
we cannot expect the correction parameters to be known to 
better than this accuracy, Furthemore there is some 
arbitrariness in the separation of the total mass correction 
into pairing and shell dependent parts. The pairing 
corrections for odd Z or H are asstmied to he zero and those 
for even Z or H are foxind by making the variation of S(Z) 
and S(H) as smooth as possible. To obtain an exact fit to 
the experimental level densities, the shell and pairing 
corrections were re-evaluated subject to the restriction 
djnposed by the mass formula that S(Z)+P(Z) and S(H)+P(N) 
remain imaltered. To do this, it was foxmd necessary to 
relax the assumption of zero pairing correction for odd Z and 
H values, which corresponds to correcting the characteristic 
levels of the Fermi gases. 
The experimental s-wave level spacings were weighted 
according to the percentage error and the correction para-
meters were adjusted until the calculated level spacing was 
within the errors of the experimental value. The information 
on level spacings, nuclear binding energies, and ground state 
spins was taken mostly from Gilbert and Cameron (1965), where 
the original references are listed. Additional infomation 
was obtained from Stehn et al. (1965) and Way et al. (1964). 
Table 1 compares the new values for shell and pairing 
corrections with the previous values given by Gilbert and 
Cameron while Table 2 gives the calculated s-wave level 
spacings at the neutron binding energy for some nuclides of 
interest, along with the observed values (where Imown), and 
the value calculated from Gilbert and Cameron's formula. 
The fit to the observed values has been greatly improved; 
the calculated figure of merit for the improved formula has 
been reduced to 1.1. 
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TABLE 1 
SHELL AND PAIRING CORRECTIONS 











28 1.28 ^ 1.20 1.30 -18 .60 
29 0 .26 -18 .70 
30 0.88 1.06 1.27 -18 .01 
31 0 .19 -17.87 
32 1 .35 1.35 1.29 -17.08 
33 - 0 . 0 5 0.08 -16 .60 15.52 
34 1.52 1.43 1 .41 1.41 -16.75 16.38 
35 - 0 . 0 9 -0 .08 -16 .50 17.16 
36 1.17 1.17 1.50 1.50 -16.35 17.55 
37 0 .04 -0 .05 -16.22 18.03 
38 1 .24 1.24 2.24 1.50 -16 .41 17.59 
39 0.29 -0 .47 -16.89 19.03 
40 1.09 1.20 1.43 1.43 -16.43 18.71 
41 0.26 -0 .15 -16.68 18.80 
42 1.17 1.28 1.44 1.88 -16.73 18.99 
43 0.23 0.06 -17.45 18.46 
44 1 .15 1.28 1.56 1.47 -17.29 18.25 
45 - 0 . 0 8 0.25 -17.44 17.76 
46 1.35 1.35 1.57 1.57 -17.82 17.38 
47 0 .34 -0 .16 -18.62 16.72 
48 1 .05 1.36 1.46 1.46 -18.27 15.62 
49 0.28 0.00 -19.39 14.38 
50 1.27 1.19 0.93 0.93 -19 .91 12.88 
51 0 .00 0 .01 -19 .14 13.23 
52 1.05 1.14 0.62 0.72 -18.26 13.81 
53 0.00 -0 .50 -17 .40 14.90 
54 1 .00 1.12 1.42 1.12 -16.42 14.86 
55 0.09 0.13 -15.77 15.76 
56 1.20 1.58 1.52 1.29 -14.37 16.20 
57 0.20 -0 .65 -13 .91 17.62 
58 1.40 1.17 0.80 0.94 -13 .10 17.73 
59 0 .93 -0 .08 -13 .11 18.16 
TABLE 1 (Continued) 











60 1.00 1.18 1.29 1.24 -11.43 ' 18.67 
61 -0.20 -0.47 -10.89 19.69 
62 ,1.19 1.22 1.25 1.25 -10.75 19.51 
63 0 .09 -0.44 -10.62 20.17 
64 0.97 0.97 0.97 1.57 -10.41 19.48 
65 0 .00 0 .08 -10.21 19.98 
66 0 .92 0.92 1.65 1.32 - 9.85 19.83 
67 0 .11 -0.11 - 9.47 20.20 
68 0 .68 0.62 1.26 1.15 - 9.03 19.72 
69 0 .05 -0.46 - 8.61 19.87 
70 0 .68 0 .68 1.06 1.24 - 8.13 19.24 
71 -0.22 0.22 - 7.46 18.44 
72 0 .79 0 .64 1.55 1.43 - 7.48 17.61 
73 0 . 09 -0.07 - 7.20 17.10 
74 0 .69 0 .72 1.37 1.09 - 7.13 16.16 
75 0 .01 0.10 - 7.06 15.90 
76 0 .72 0 .75 1.20 1.20 - 6.78 15.33 
77 0.00 -0.27 - 6.64 14.76 
78 0 .40 0 .71 0.92 1.04 - 6.64 13.54 
79 0 .16 i -0.35 - 7.68 12.63 
80 0 .73 0 .87 1.19 0.70 - 7.89 10.65 
81 0 .00 0.00 - 8.41 10.10 
82 0 .46 0.83 1.05 0.85 - 8.49 8 .89 
83 0 .17 -0.25 - 7.88 10.25 
84 0 .89 0 .89 1.61 0 .76 - 6.30 9.79 
85 0 .00 -0.21 - 5.47 11.39 
86 0 .79 0 .79 0.90 0.92 - 4.78 
11.72 
87 0 .00 -0.21 - 4.37 12.43 
88 0 .89 0 .89 0 .74 0 .99 - 4.17 12.96 
89 0 .00 -0.38 
- 4.13 13.43 
90 0 .81 0 .78 0 .72 1.10 - 4.32 
13.37 
91 -0.06 -0.34 - 4.55 12.96 
92 0 . 69 0 .69 0 .92 C.92 - 5.04 12 .11 
Continued... 
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TABLE 1 (Continued) 











126 0.38 0.38 - 3.16 
127 0.15 - 1.87-
128 0.67 0.67 - 0.41 
129 0.00 0.71 
130 0.61 0.61 1.66 
131 0.00 2.62 
132 0.78 0.78 3.22 
133 0.00 3.76 
134 0.67 0.67 4.10 
135 0.00 4.46 
136 0.67 0.67 4.83 
137 0.00 5.09 
138 0.79 0.79 5.18 
139 0.00 5.17 
140 0.60 0.60 5.10 
141 0.04 5.01 
142 0.64 0.57 4.97 
143 -0.06 5.09 
144 0.45 0.49 5.03 
145 0.05 4,93 
146 0.26 0.43 5.28 
147 -0.22 5.49 
148 0.39 0.50 5.50 
149 0.00 5.37 
150 0.39 0.39 5.30 
TABLE 2 
LEVEL SPACINGS OP MJCLEI 










28Ni60 0 7.97 23 i : ̂ 0 K 23 K 19 K 
29Cu63 3/2 7,916 1,0 
+ 
0,15 K 1,1 K 840 
29Cu65 3/2 7,061 2,0 
+ 
0,4 K 1.2 K 900 
30Zn64 0 8.00 3.6 K 5.1 K 
30Zn66 0 7,046 4.7 
+ 
1,0 K 4.8 K 6,5 K 
30Zn67 5/2 10,20 750 
+ 
200 590 270 
30Zn68 0 6,41 3.2 K 8,1 K 
31Ga69 3/2 7,71 300 
+ 
100 120 180 
31Ga71 3/2 7.10 160 
+ 
50 260 250 
32Ge70 0 7,415 1.0 
+ 
0,2 K 1.1 E 2,1 K 
32Ge72 0 6,785 3.0 
+ 
1,0 K 2,6 K 3.4 K 
32Ge73 9/2 10,20 77 
+ 
9 77 160 
32Ge74 0 6,43 4.8 K 4,5 K 
33As75 3/2 7,327 87 
+ 
8 88 86 
34Se74 0 7,96 660 720 
34Se76 0 7,408 1,5 
+ 
0,35 E 1,5 K 1,2 K 
34Se77 1/2 10,50 140 
+ 
20 140 110 
34Se78 0 6,959 3-3 
+ 
0,5 K 3-4 K 2,0 K 
34Se80 0 6,897 3.3 
+ 
0,8 K 3.2 K 3.5 E 
34Se82* 0 5.0 72 K 63 E 
35Br79 3/2 7,871 55 
+ 10 53 42 
35Br81* 3/2 7,597 65 
+ 
15 67 99 
36Kr83* 9/2 10,54 68 68 
36Kr84* 0 6,92 4.8 K 4.8 E 
36Kr85* 9/2 9-92 350 350 
36Kr86* 0 5.53 31 K 31 E 
37Rb85* 5/2 8.82 1.0 
+ 
1,0 K 51 48 
37Rb87* 3/2 6,24 1.25 ^ t 0,! 5 K 1.2 K 1,2 E 
Asterisks indicate major fission product nuclides. 
TABLE 2 (Continaed) 










38Sr87 9/2 11J4 110 110 
38Sr88* 0 5.46 33 K 33 K 
38Sr89* 5/2 7.768 920 1,1 K 
38Sr90* 0 5,8 5.4 K 12 K 
39 Y89* 1/2 6.866 2.0 
+ 
0.5 K 2.0 K 1.3 K 
39 Y90* 2 7.9 420 310 
39 Y91* 1/2 6.59 520 730 
40Zr90 0 7.201 4.5 
+ 
0.8 K 4.4 K 5.1 K 
40Zr91* 5/2 8.633 290 
+ 
40 290 400 
40Zr92 0 6.752 1.3 
+ 
0.3 K 1.4 K 3.8 K 
40Zr93* 5/2 8.2 500 360 
40Zr94* 0 6.47 2.5 
+ 
0.4 K 2.2 K 2.1 K 
40Zr96* 0 5.6 1.0 
+ 
0.3 K 890 3.4 K 
41N1D93 9/2 7.197 83 
+ 
20 83 120 
42M092 0 7.860 2.4 
+ 
1.0 K 2.6 K 3.1 K 
42Mo94 0 7.42 1.0 
+ 
0.3 K 790 2.1 K 
4?Mo95* 5/2 9J58 200 
+ 
30 200 140 
42MO96 0 6.86 1.0 
+ 
0.3 K 1.6 K 1.5 K 
42MO97* 5/2 8.29 160 
+ 
25 240 200 
42MO98* 0 4.9 2.6 K 10 K 
42Mo100* 0 5.6 1.5 K 2.1 K 
43®c99* 9/2 6.58 24 
+ 
3 24 51 
44lu101 5/2 9.218 14 
+ 
3 14 23 
44Ru102 0 6.30 630 920 
44Ra104* 0 5.2 740 2.4 K 
45Bh103* 1/2 7.064 26 
+ 
3 26 35 
45Bh105* 7/2 6.47 4.1 12 
46Pd105 5/2 9.45 13.3 
+ 
1.7 15 13 
46Pd106* 0 6.38 220 490 
46Pd107* 5/2 8.970 14 13 
46Pd108* 0 6.24 190 410 
TABLE 2 (Continued) 
Nuclide J Binding Energy 
<D> observed 
(eV) 
<D> ealc . (eV) 
Corrected 
Po milla 
<D> ca lc , (eV) 
Gilbert and 
Cameron 
47Ag107 1/2 7,271 1 2 - 6 14 15 
47Ag109* 1/2 6,821 16 i 3 16 16 
48Cd110 0 7,25 31 130 
4.8Cd111 1/2 9,405 19.5 i 1.0 18 14 
48Cd112 0 6,38 125 i 35 200 320 
48Cd113* 1/2 9,046 22,7 - 4 22 21 
48Cd1U 0 6,16 140 t 40 170 380 
49In113 9 /2 7.346 6,0 t 1,5 5,7 2,9 
49In115* 9/2 6,761 6,5 i 1,0 7-2 5,1 
50Sn112 0 8,043 25 i 7 33 65 
50Sn114 0 7,525 150 i 50 120 89 
50Sn115 1/2 9-572 50 i 20 34 15 
50Sn116 0 6,948 180 i 50 150 160 
50Sn117 1/2 9-322 2 5 - 5 26 18 
50Sn118 0 6,491 180 i 50 190 390 
50Sn119 1/2 9-107 30 í 8 31 38 
50Sn120 0 6,29 1-3 K 700 
51S13121 5/2 6,804 14 i 3 14 9,1 
51Sb123 7/2 6,459 28 i 10 28 32 
51Sb125* 7/2 6,21 94 77 
52Te123 1/2 9,414 22 i 8 22 21 
52Te124 0 6,52 300 410 
52Te125 1/2 9,107 60 i 15 60 42 
52Te126 0 6,30 930 910 
52Te128* 0 5,09 5,1 K 10 K 
52Te130* 0 5.95 5,5 i 0,8 K 5-6 K 12 K 
531 127* 5/2 6,801 13-5 i 0,7 13,0 11 
531 129* 7/2 6,580 21 i 6 19 32 
531 131* 7/2 6,310 110 210 
531 135* 7/2 3.0 27 K 44 K 
54Xe129 1/2 9,34 13 16 
54Xe131* 3/2 8,932 25 i 10 25 41 
54Xe132* 0 6,76 510 1,2 K 
TABEE 2 (Contimed) 










54Xe133* 3/2 6.14 7 K 3.5 £ 
"it 
54Xe134 0 6.55 5.6 K 6.9 K 
54Xe135* 3/2 7.94 2.7 K 2.4 K 
54Xe136* 0 3.9 79 K 160 K 
55Cs133* 7/2 6.702 18.5 i 0.5 19 31 
55Cs134* 4 8.69 51 16 
55CS135* 7/2 6.99 140 110 
55CS137* 7/2 4.93 860 1.2 K 
56Ba135 3/2 9,21 50 i 8 47 38 
56Ba136 0 6.94 900 1.9 K 
56Ba137 3/2 8.59 290 410 
56Ba138* 0 4.70 8.6 i 4.0 K 10 K 36 K 
57La138 5 8.78 32 i 5 32 14 
57La139* 7/2 4.53 430 480 
58Ce140* 0 5.38 3.0 i 1.0 K 2.3 K 2.4 K 
58Cel42* 0 5.39 1.0 i 0.2 K 1.1 K 1.1 K 
59Prl4l* 5/2 5.86 115 i 10 110 27 
60Nd143* 7/2 7.814 40 i 10 38 9 
60Nd144* 0 5.93 86 200 
60Ndl45* 7/2 7.565 22 i 4 23 36 
60Nd146* 0 5.27 500 1.2 K 
60Nd148* 0 5.1 250 910 
60Nd150* 0 3.9 2.7 K 9.4 K 
61Pm147* 7/2 5.95 3.7 - 3 3.1 7.7 
61Pm148* 1 7.25 2.5 6.7 
62Sm147 7/2 8.13 8 ± 13 7.5 8.4 
62Sm148* 0 5.874 150 260 
62Sin149* 7/2 7.986 2.8 i 0.3 2.7 5.1 
62Sm150* 0 5.534 100 260 
62Sm151 * 5/2 8.30 1.3 i 0.25 1.3 3.2 
62Sm152* 0 5.870 45 i 15 73 170 
62Sm154* 0 5.814 160 300 
63Eu151* 5/2 6.36 0.71 i 0.09 0.75 1.4 
TABLE 2 (Continaed) 
Nuclide J Binding Energy <D> observed (eV) 
<D> ca lc . (eV) Corrected Formula 
<D> oa lc . (eV) G i l b e r t and Cameron 
63Eu1 53* 5/2 6.34 1.03 - 0.01 1.00 1.8 
63Eu154 3 8.10 0 .76 0.62 
63Eu155* 5/2 6.344 2.1 3.1 
64Gd155* 3/2 8.528 1 .8 i 0 .15 1.8 1 .8 
64Gd156* 0 6.36 33 i 6 33 59 
64Gd157* 3/2 7,932 5.5 - 1 .2 9 5.7 
65Tl3l 59 3/2 6.389 4 .7 - 0 .6 4 .7 4 .6 
66Dy161 5/2 8.175 2.2 i 0 .15 2.2 2 .5 
66Dy162 0 6.280 42 i 6 42 94 
66Dy163 5/2 7.630 10 i 1 10 11 
66Dy164 0 5.714 420 330 
67Ho165 7/2 6.27 6.1 i 0 .4 6.1 3 .7 
68Er167 7 /2 7.760 3 .0 i 0 . 5 3.0 2 .3 
69Tm169 1/2 6.610 6.9 - 1 .0 6.9 5 .5 
70n)168 0 6.9 11 8 .2 
70rb171 1/2 7.99 8 .7 i 0 .8 8 .0 4 .3 
70Yb173 5/2 7.46 12 i 2 12 3 .9 
71LU175 7/2 6.25 3 .3 - 0 . 3 3 .2 2.4 
711u176 7 6.89 2.1 i 0.15 2.2 1.9 
72Hf174 0 7.14 25 - 10 25 5.4 
72Hf177 7 /2 7.59 3.8 i 0 .4 3.4 1 .3 
72Hf178 0 6.17 32 i 8 32 42 
72Hf179 9 /2 7.367 5.6 i 0 . 5 6 .3 3 .7 
72Hfl80 0 5.96 125 i 40 130 76 
73Tbl80 8 7.632 1 .5 - 0 . 5 1 .3 0.84 
73Thl81 7/2 6.059 4.35 - 0.20 4 .7 3.0 
74W 182 0 6.29 50 i 12 47 41 
74W 183 1/2 7.42 12.5 - 0 .8 13 9 .3 
74W 184 0 5.77 130 i 30 140 97 
75Rel85 5/2 6.23 3 .8 i 0 . 8 3 .8 2 .5 
75Bel87 5/2 5.95 5.5 - 1 .0 5 .5 3 .9 
760s189 3/2 7.89 5.1 i 1 .2 5.1 5 .8 
TABLE 2 (Continued) 
Nuclide J Binding Energy 
<D> observed 
(eV) 
CD> calc . (eV) 
Corrected 
Ponmila 
<D> ca lc . (eV) 
Gilbert and 
Cameron 
77Ir191 3/2 6 J 4 5 3.3 i 0.3 3.3 5.6 
77Ir193 3/2 5.960 7.7 i 0.6 8.0 24 
78Pt192 0 6,29 19 67 
78Pt195 1/2 7.92 16 i 1 16 68 
78Pt198 0 5.2 9 K 10 K 
79Au197 3/2 6.494 14.9 i 1.0 15 9.7 
80Hg198 0 6,682 83 i 28 110 150 
80Hg199 1/2 8.01 59 i 10 57 68 
80Hg200 0 6.163 1.3 i 0.15 K 1.2 K 990 
80Hg201 3/2 7.760 90 i 25 85 180 
80Hg202 0 6.06 8 K 6 K 
81T1203 1/2 6.53 2.0 i 0.8 K 1.9 K 1.0 K 
81T1205 1/2 6.55 10 i 3 10 K 12 K 
82PTD206 0 7,0 25 - 12 K 23 K 58 K 
82Pb207 1/2 7,65 24 K 58 K 
82P1)208 0 4,29 150 í 30 K 150 K 240 K 
83BÍ209 9/2 4.65 6.9 i 0.7 K 6.9 K 3.3 K 
90Th232 0 5.07 17.5 i 0,7 18 19 
91Pa231 3/2 5.58 0.45 i 0.07 0.46 0.49 
91Pa233 3/2 5.03 0.86 t 0.12 0.82 1.2 
92Ü 232 0 5.9 7.6 i 1.5 5.9 5.2 
92U 233 5/2 6.76 0.66 i 0.05 0.58 0.54 
92U 234 0 5.25 13 i 0.8 13 18 
92Ü 235 7/2 6.39 0.65 i 0.03 0.65 0.73 
92Ü 236 0 5.42 14.5 i 1.5 14 12 
92Ü 238 0 4.76 17.7 i 0.7 19 36 
93Np237 5/2 5.38 0.58 - 0.06 0.58 0.88 
94PU239 1/2 6.38 2.59 i 0.05 2.7 3.2 
94Pa240 0 5.52 10 i 1 8.7 12 
94PU241 5/2 6.20 1.3 i 0.1 1.3 1.4 
94Pu242 0 4.44 14.8 i 0.3 130 97 
95Am241 5/2 5.47 0.43 t 0.06 0.43 1.1 
95Am243 5/2 5.15 1.25 i 0.15 1.2 1.7 
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a) Estimation of a?heniial Neutron Crogg Sections 
py Monte Oarlo Methods 
The thermal capture cross section is of prime importance 
in the study of slow reactor systems since it governs the 
rate at which thermal neutrons are removed from the system. 
The capture cross section at an energy E is given in the 
Breit-Wigner (1936) approximation hy: 
Cr n,Y (E) = X^g 17A ^ ^ ^ f III-1 
where is the neutron wave length and fŷ^ , f^ and 
are respectively the capture, total and reduced neutron widths 
of the level at E ̂^ , To obtain an estimate for the thermal 
cross section (E = 0.0253 eV), resonance parameters for at 
least the first few levels are required. When these have not 
heen determined experimentally, the "best estimate that can he 
made for the unknown thermal cross section is the expectation 
value 0,0253 e7)> obtained by using extrapolated 
values for <D>, and < r n ^ along with their respective 
probability density functions. 
Recently, Cook and Wall (1967) undertook an analysis of 
the fluctuations in thermal neutron cross sections using 
Monte Carlo methods. Resonance levels were assumed to be 
equally spaced and their reduced neutron widths were chosen 
at random from a Porter-Thomas distribution (1-1 ). Except 
where the energy of the first resolved resonance was known 
from experment, the level sequence was assramed to begin at 
-SB-
half the average level spacing from the origin. Since one 
object of Cook and Wall's approach was to give quantitative 
estimates of the errors involved in estjjaating cross sections 
in this inanner, 50 values for the thermal cross section were 
generated for each nuclide and the mean and variance calcu-
lated. Where possible, comparisons were made with 
experimental values and it appeared that on average the Monte 
Carlo generation of a cross section led to an over estimation 
of the result "by a factor of approximately 2.5. The 
calculated standard deviations for the thermal cross sections 
were of the same order of magnitude as the means. A tsrpical 
result obtained for ^^^Th gave a calculated mean value of 9.5 
bams with a standard deviation of 12 barns compared with the 
experimental value of 7.4 - 1 barns, 
The contribution from each level in the sequence to the 
average thermal cross section is approximately proportional 
to and therefore the cross section is sensitively 
dependent on the actual positions of the levels, especially 
the first level. The assumption made by Cook and Wall fixing 
the first resonance energy at <B>/2 lowers the expected 
variance of the calculated cross sections considerably. In 
the following sections, this assumption is discarded and the 
mean and variance of an unknown thermal cross section are 
calculated analsrtically on the basis of the picket fence 
model of identical, equally spaced levels and on a more exact 
model where the distributions of the reduced neutron widths 
and the level spacings are taken into account. The contri-
bution from the first level is explicitly calculated for 
each model using an appropriate distribution function. 
h) Thermal Cross Section Moments from a Uniform Level 
For simplicity, it is assumed that E is zero in the 
denominator of the stim in (III-I) when calculating the 
moments of the thermal cross section distribution. Further it 
is assumed that the neutron width is small in comparison with 
the radiation width of a level and therefore fŷ  X 
The radiation widths do not vary much from level to level and 
can be assumed constant and hence the average thermal cross 
section may be written as: 
<<r> = ks„ T / Yyx \ . 111-2 0 ' 
where y^ = 
= Ea /<D> 5 
y = <r>/2<D> , 
S„ = <rn>/<D> 
is the strength function, 
and k = evaluated at S = 0.0253 e7. 
How consider a sequence of identical, equally spaced 
resonances, the first member of which occurs at x measured 
in units of < D> from the origin. The cross section at zero 
energy due to the sequence is from III-2: 
0- = 2 'i 0 - III-3 
For the picket fence model, the first resonance can occur in 
the ran^e with equal probability. The average 
thermal cross section is obtained by averaging III-3 over the 
possible values of x : 
<0-> = kS^ ^ . T ^ OK ^ n ^ 
0 n=o (x+n) + Tf"̂  III-4 
Since the sum is unifomly convergent for all values of x 
through the range of integration the order of the summation 
and integration can be reversed: 







< c r > = 
iPhe variance of the picket fence model cross section is 
given by; 






y 4 ^ n=o 
1\ 
III-6 
fhe variance was calculated by computer for several values of "¡f 
and the results are displayed in (PalDle 3. 
TABLE 3 : CROSS SECTION VARIiBCES FOE THE PICKET FENCE MODEL 
r 0.025 0.05 0.10 0.20 0.30 0.40 0.50 
29.3 13.5 5.8 2.2 1.1 0.6 0.4 
From the calculation preceding the result III-5, it is 
evident that the average contribution to the thermal cross 
section from the first level alone is kS^ tan"'( VY) and for 
physical values of "If the contribution from all 
other levels can be ignored. For a more exact treatment, 
however, it is necessary to take into accoimt the distribution 
of reduced neutron widths and level spacings. 
c) Thermal Cross Section Moments from an Ex:act Model 
If it is assumed that level spacings are independently 
and identically distributed random variables, each with the 
probability density function 1-2, a level sequence may be 
thought of as an ordinary renewal process (Cox 1962). For a 
sequence whose first member occurs at x^, the expected 
number of resonances in x,x+dx (say h(x)dx) is given by: 
h(x) = w(x - x^) h(t-x^)w(x-t) dt, III-7 
where w(x) is the Wigner level spacing distribution. It is 
easily demonstrated (Cox 1962) that if x is measured in 
•units of < D> then: 
lim h(x) = 1. 
Reichel and Wilkins (1964) have shown that h(x) may be 
regarded as having obtained its asymptotic value for values of 
In fact, the fluctuations of h(x) about the 
asymptotic value for 1.5^x^3 are compensatory in any 
integral of the form h(x) ̂ (x) dx, where (¿(x) is a u 
smoothly varying function of x« Since we are dealing here 
with a portion of the level sequence several MeV above the 
first member, the sequence is asymptotic in the renewal 
theoretical sense, fhe mean thermal cross section is there-
fore obtained from III-2 by replacing the sum by an integral 
and performing the trivial average over the Porter Thomas 
distribution of reduced neutron widths: 
<(r> = kS x) dx 
= . 1X1-8 
0?his result is the same as that calculated for the 
picket fence model since the picket fence model, once the 
average over positions of the first level has been performed, 
is simply one for which the renewal density is everywhere 
asymptotic. Departures occur from the simpler model in the 
t 
calculated variance of the thennal cross section: 
varCo- ) = k^S^ p(y)a7 
rh(x)dx 
III-9 
where pCy) is the Porter Oihomas distrihution 1-1 and the 
average over this distribution has already been taken in the 
covariance t e m . The renewal density h{x) has its 
asymptotic value in the integrations over x and may be 
assumed asymptotic in the integration over x' for (x*-x)6'1.5. 
In the first term of III-9, the integration over y yields a 
factor of 3 and the x integration is easily performed to give 
P p 
37T k • covariance is: 
f : 
rdx 
o Y ^ 
—r5 7 + 
x+1.5 x'^^+TT 
y H A 
X x'^+r 
which may be simplified slightly to give: 
r /00 
• ^ 
The covariance is calculated by computer using the expansion 
for the renewal density given in equation 11 of Reichel and 
WiUrins (1964); 
2 _3 
For small values of Y > ^^ found that the covariance 
can be ignored in comparison with the first term which is pro-
portional to but for Y ^ 0.1 the two terms are of the 
same order of magnitude. 
It is of some inlierosi; "bo caXcixXalie the tiernis of till© 
simmiation in III-2 explicitly for the present model and we 
now obtain the contributions to the thermal cross section 
from the first three levels. 
d) The Average Contribution to the Thermal Cross Section 
^'rom the First Three Levels 
The p.d.f. for the energy of the first resonance from 
the origin for an asymptotic level sequence is given by a 
result of renewal theory (Cox 1962) as: 
= J^ w(t) dt , 
= exp(-7ixV4) , III-10 
where x = E^/<D> and w(x) is the Wigner distribution 1-2. 
The Joint probability element in the distribution of x and 
y = &V<rn°> is: 
P(x,y) dx dy = q^Cx) p(y) dx dy III-11 
P p 
and the element for the ratio y/(x + "¡C ) is obtained by 
P P P p 
making the substitution t = y/(x +1( ), s = x + T f in III-11 
and integrating over s. Finally the average contribution to 
the thermal cross section from the first level 
is given ty: 
r*^ 1/9 / a \ V 2 „ 
< 0 = t dt „ (271 )- /'^exp(-st/2)(|) e3:p(-7C (3-Y'=')A)as. 
The integration over t gives r ( V 2 ) (V2)"" ^ and 
2 / 2 
when the substitution /Tl = s - Y is made in the remaining 
i n t e g r a l , t h e s t andard i n t e g r a l (Gradshteyn and Eyzhik 1965) 
€ e - z A dz i s olDtained, 
= ^ ^ ^ o e r f c (^7Í^r/2) exp (7TyV4) 5 
I I I - 1 2 
1 /p where e r f c ( z ) = 271"" - t ' dt . z 
The va r i ance of t he f i r s t l e v e l c o n t r i b u t i o n i s : 
t ^ d t ( - s t / 2 ) ' / 2 X 
exp( 
This can he s i m p l i f i e d s l i g h t l y hy i n t e g r a t i n g over t and 
making t he s u b s t i t u t i o n given above: 
8 
e"^^ dz 
I I I - 1 3 
l?he c o n t r i b u t i o n s from the second and t h i r d l e v e l s a r e 
found i n t h e same way. The p . d . f . f o r the energy of the 
second l e v e l of the sequence i s given by: 
q^Cx) = w (x -z ) dz , 
= i T 
Upon complet ing t he square i n the exponent we ol i ta in: 
/•X 
g^ ix) = exp(- '7rxV8) (x-z)exp 
T 
dz 
How su'bstituting t = IfFCz - /2) and dropping the term 
syimaetrieal about zero: 




q^Cx) = exp(-7lxV8) erf (^Tlx^/8) , III-U 
where we have made the asstimption that the first and second 
spacings are independent (this is isiplicit in the assumption 
that level spacings constitute a renewal process). Proceeding 
as "before, the average contribution to the thermal cross 
section from the second level is 
cO 
/ cr ̂  ^ t ^ ^ o i F C X exp(^x^) erf (x) dx . 
Provided the same assumption about the independence of 
sequential spacings is made, the p.d.f. for the energy of the 
third level of the sequence is given by: 
fX 
= j q.2(z) w(x-z) dz , 
and o _ 
/ r v s T l ' v ^ o F f 
< 0 . ? = 8 Jo 
dx 
x ^ ^ 
rx 
0 
y (x-.y)exp(-7r(x-y)V4) . 
. erf ( f n y ^ ) exjp (-TiyVs) dy. 
III-16 
The integrals in Equations III-9, 13, 15 and 16 were 
evaluated numerically and Table 4 shows the calculated 
contributions to the mean thermal cross section from the 
first three levels. In addition, the difference between the 
totaJL cross section and that calculated for the first level 
alone is shorn. The final two col-umns give a comparison of 
the calculated total variance (III-9) with the value calcu-
lated for the first level (III-13). 
TABIiE 4 : TEE COHTRIHJIflONS TO TEE M E M TESmJOi GROSS SECTION 
FROM THE FIRST THREE LEVELS. The variance of the contribution 











0.025 1.532 0.006 <10-^ 0.039 94 57 
0.050 1.495 0.021 0.076 48 28 
0.10 1.425 0.069 <10-^ 0.146 27 14 
0.20 1.300 0.154 0.002 0.271 16 7 
0.30 1.192 0.205 0.008 0.379 13 5 
0.40 1.097 0.245 0.018 0.474 12 3 
0.50 1.015 0.278 0.028 0.556 11 3 
Whereas the total cross section is independent of y , the 
contributions from the individual levels show quite strong y 
dependence. Once again, for physical values of Tf", it can be 
seen that the average thermal cross section is given almost 
entirely by the contribution from the first level. It is to 
be noted that the correct average position, for the first 
resonance from III-IO is 
< x , > = fx 
•'0 
which is rather larger than the value of V ^ asstimed "by Cook 
and Wall (1967). If the correct thermal average cross 
section is to he reproduced by a sequence with first memher 
at the average position an extremely large effective 
reduced neutron width would be required for the first level. 
For instance, when Y = 0.025 the correct average thermal 
cross section is reproduced with a reduced neutron width for 
the first level of ^ 80M • This shows explicitly that the 
Monte Carlo method for estimating unknown cross sections is 
likely to give very poor results (at least on average) unless 
the distribution of resonance spacings is also taken into 
account. 
Figure 1 shows the probability density functions 
^ ^ 0.3(2:) plotted versus x while figure 2 
shows a histogram of 41 experimental values of E^/<D> for 
even-even nuclei which form a single sequence of resonance 
levels. The experimental average level spacings have 
associated errors up to 15^ and therefore the histogram is 
meant to be taken as only a very tentative check on the 
assumed form of the p.d.f. q.-|(x) for the energy of the 
first level. Although the experimental distribution appears 
to be narrower than the corresponding theoretical prediction, 
X 
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FIGURE 2. A HISTOGRAIvI OP 41 EXTSRIi.OTTAL VALUES OP E^/ B 
FOR SY®T~ETOT JTUCLEI COLEPARED WITH TEE EXPECTATION 
VALUES (BROKEN LINE). 
p it is not rejected "by a ̂  test at the 10^ confidence level. 
e) Mean Thermal Gross Section From a Sequence Whose 
First Member is'EhOTO 
It is apparent from iEable 4, that in the absence of any 
information about the position of the first resonance, the 
extreme variances ^pected prohibit any useful estimate of an 
un3mow!i thermal cross section. iEhe best that can be done in 
this case is to provide a probable upper bound to the cross 
section. 
Fortunately, in some cases of interest, while the 
thermal cross section is unlmown, the position of the first 
resonance has been determined. For an even-even nucleus 
whose first resonance level occurs at z we have: 
«ri> = , m - 1 7 
while the contrihution to the thermal cross section from the 
remainder of the set^ence is: 
= y k ^ dt , 111-18 
where here we have assmaed that all the reduced neutron widths 
are equal to their average value. There appears to be little 
advantage at this stage in assuming otherwise, since, if the 
neutron width of the first level is unlmown, the cross 
section variance will be large anyway. Once again the effect 
of fluctuations in h(t) for 1,5 ¿t ¿3 are ignored in 
III-18 and therefore: 
r /-z+l. 5 «5V> = YkS, i h(t)at + l^li - tan - 1 t^+r^ (̂)i . III-19 
The remaining integral can T̂e evaluated ntunerically for 
particular cases using the expansion for h(t) given by 
Reichel and Wilkins (1964), 
f) fhe Estjjaation of Resonance Integrals 
A quantity related to the themal neutron capture cross 
section and of importance to the reactor physicist is the 
resonance integral given hy: 
-OÖ III-20 
From III-1, the contribution to the resonance integral from a 
resonance at E is: 
i IT — r Z: III-21 (E-Ep^)S rv4 r E;, 
Obviously, when the positions and reduced neutron widths 
of the levels of the nucleus in question are unlmown, a 
similar situation to that found in calculating an unknown 
thermal cross section obtains. Since the contribution from 
a resonance at E^ is proportional to Ê^ , the total 
resonance integral is critically dependent on the position of 
the first resonance, and averaging the expression III-21 over 
the p.d.f. for the first spacing (III-10) introduces very 
large variances into the total resonance integral. In this 
case we can at best give an interval estimate for the expect-
ed resonance integral. In nuclei where the positions and 
resonance parameters of some low lying levels have "been 
determined, we require only an estimate of the contribution 
to the resonance integral from all levels above the last 
resolved one. 
Dresner (1955) gave an estimate for this contribution 
using a model of equally spaced, identical resonances. For 
this model, the resonance density is constant and equal to 
and integration of III-21 over the unresolved 
resonances from E* (the energy of the last resolved level) 
to infinity gives: 
< I.o> = g Ty . ^ - logO-H^ ) , III-22 
< D > 
where ^ = /cPn^ and is the neutron wave 
length at E*. The effect of not taking the distribution of 
reduced neutron widths into account in this expression is to 
approximate the average value of the ratio rn'/Ey(rni(E+fy) 
by the ratio of the averages: 
<rn>rE+ TY 
and this approximation leads to an overestdmation of the 
resonance integral by up to 40 per cent. Lane aad Ljim 
(1957b) and later Eahn and Dresner (1958) corrected for this 
error "by calculating the correct average / l^nl^ \ 
^ rna.fr ^ 
over the Porter-Oihomas distrilmtion of reduced neutron widths: 
/ j i e A - r (2*71 x T ^ ^ ^ exp(-V2) ax , 
1 
where x = r n A P n ^ and oC 
which, upon making the substitution x =o^y •becomes: 
2 exp(-aCy^/2). y^ dy , 
= r 
-rr 1+y' 
= 1 - J E . 
o 1 tt 
2c(> exT)(-ciCyV2) dy , 
= 1 - W erfc i(Z/2) exp(oy2) . III-23 
More recently, Eeichel and Wilkins (1964) relaxed the 
assumption concerning the constant density of resonance 
levels ahove E* and introduced the correct distribution law 
for level spacings. Writing g(E) for the averaged value of 
over the Porter-Oihoinas distribution: 
g(E) = 1- j^erfc(liZ72)exp(cC/2) ! 
they obtained: 
E* 
h ( ^ ) g ( E ) d E + g(E)dE , 
III-24 
where h(x) is the renewal density of levels in x,x+dx 
from III-7. Since h(x) ̂  1 for x 4 3» the correct 
expression for for the tinresolved levels in III-24, is 
slightly less than the value calculated assuming a constant 
density of levels ahove E*. 
Byos and Stevens (1965) used Monte Carlo methods in an 
attempt to give the expected value for the resonance integral 
from the unresolved resonances. Level spacings and reduced 
neutron widths were chosen at random from the appropriate 
distributions and it was found that reasonably reliable 
estimates for the resonance integral could be made in this 
manner, provided that the cut-off energy E* was not too low 
and provided also that a large enough sample of possible 
resonance integrals for each nucleus were generated to give 
good statistics. 
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f) The Correction for Triple Overlapping of 
Levels 
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h) Calculation of the Probable Number of Missed 
Levels in 233u. 
a) Introduction 
In the preceding chapters we have been concerned with 
the estimation of average resonance parameters in nuclei 
where no experimental data are available. For many nuclei, 
however, sufficient measurements have been made to allow 
these parameters to be determined without recourse to the 
theoretical methods. In neutron cross section measurements, 
statistical errors in the accimralated counts as well as the 
finite instrumental resolution impose a practical limit on 
the ability to detect weak resonances. In addition, when 
overlapping between adjacent levels occurs, quite large 
resonances may remain unresolved. When calculating average 
parameters such as the s-wave strength fimction and the 
average level spacing, an important correction must be 
applied to the raw data for these missed resonances. The 
probability of missing levels below the detectability limit 
depends only on the incident neutron energy while the over-
lapping probability depends primarily on the ratio of average 
level width <.r> , to the average level spacing <I)>. We 
now review in turn several methods which have been described 
for correcting for the effect of missing resonance levels. 
b) The Fuketa and Hairvey Method of Correcting for Missed Levels 
Fulceta and Harvey (1965) have given a method of calcu-
lating the proportion of weak levels lying below the 
detectability limit based on the Porter-Thomas distribution 
law for reduced neutron widths (1-1). The detectability of a 
small resonance was assmed to "be eqiiivalent to the detect-
ability of the area above the dip in the transmission 
spectrum. For thin targets the area above the dip for a 
resonance at E^ is proportional to Tn/ifî  (Melkonian 
pO 
et al. 1953)> where • n is the reduced neutron width of the 
resonance. 0?he experimental energy resolution is usually 
proportional to a power of the incident neutron energy and pO 
hence the smallest experimentally detectable » n value may 
be written: 
T n ^ = i(E) = aE , IY-1 
where a and b are constants for a particular experiment. 
Now, the observed distribution of reduced neutron widths will 
have the form of a truncated Porter-Thomas distribution and 
evidently the probability of missing a level in E,E+dE is: 
'ciC(E) 
n(E)dE = p(x)dx. dE IV-2 
o 
where p(x) is the Porter-Thomas distribution and oC(E) is 
the ratio (f(E)/<rn> . <rn> is the true average value of 
the reduced neutron widths including the missed levels and 
therefore is initially unlmown. The integral in I?-2 is the 
error function with argument 
n(E) = erf (̂ cl(E)/2 ) . 
Now suppose that N^ levels are observed in the open 
interval E^E^. Then by definition of n(E) we can 
write: r N = P (1 - n(E))clE, IV-3 > J E^ 
where ^ is the true average density of levels in the range 
and is a s s m e d independent of E. Similarly the number of 
levels missed in the range (say V ) is given by 
iK 
V = p E n(E)dE , 1 IV-4 
and the total number of levels present is 
''E^ r'E 
N = N 1 + 
E 
2 
n(E)dE / I (1 - n(E))dE 
1 
IV-5 
As we show in more detail in the following section, the 
equations IV-3|4 are not rigorously correct except for levels 
which are distributed at random in (E^,E2); that is, 
follow a Poisson distribution law. 
All that remains to be found is cjC(E) and provided that 
the form of the experimental detectability limit (IV-1) can 
be reliably inferred from elsewhere, we require only 
the true average reduced neutron width in order to calculate 
N . The calculation proceeds by iteration since in 





is the average reduced neutron width of 
the missed levels and is the sum of the N^ observed 
reduced neutron widths. The maximum value of ^ Tn^^^gg^^/Crn'^ 








= 1 - q(E)/n(S) IT--7 
with q(E) = l2cL(By exp(-. oC(E)/2) . 
if 'TC 
The ST3m of the reduced neutron widths for the unresolved 
resonances in the energy range E<E2 is therefore: 
At the first iteration, V is taken to he zero and the 
observed values are used as estimates f o r ^ T n ^ and p and 
the iteration is continued until N^^^ = where the 
superscript m refers to the order of the iteration. 
It is evident from 17-2 and IT-1 that the probability 
for missing a level at E is a monotonic increasing fimction 
of E and is independent of the energies 62 • • • 
which resonances are observed. This is simply a statement 
of the fact that Faketa and Harvey assume a Poisson distri-
bution law for the level spacing distribution. I f it is 
assumed instead that level spacings follow the Wigner 
distribution 1-2, the probability of two levels coinciding in 
energy is zero and therefore the density of missed levels 
goes to zero at each observed resonance and peaks between 
resonances. The maximam value that the density of XEiissing 
levels can take is the p in 17-4 tised hy Fuketa and Harvey 
and assumed "by them to be constant and independent of energy. 
Therefore, the method gtist described overestimates the number 
of weak levels missed and we now proceed to give the rigorous 
forms of IV-3, IV-4 derived by Wilkins (1967) which take 
into account the distribution law for level spacings. 
c) Corrections to the Fuketa-Harvey Method 
Following Wilkins (1967) we first consider two observed 
resonances at and ^ ^ wish to calculate the 
expected number of missed resonances in ^ E ̂  
probability that k(>o) resonances are missed in the 








while the probability that no resonances are missed in the 
interval is 
Now, if P(£2»£-| probability 
that the first observed resonance after t ^ occurs in 
^2» 2 iiave; 
«0 
' k=o ' 
= w(e2-£^) + Hi'.t^ . IV-10 
The conditional pro'ba'bility that k resonances have heen 
missed in S ^ ^ E ^ g ^ given that the first observed resonance 
i 
after the one at occurs in 
17-11 
The expected number of missed resonances in the interval 
is given by? 
k—0 
From the definition of ^^ no-te that for k ^ l ; 
J f"! 
where o ̂  k. The stimmation in IY-12 can now be carried out; 
oo 
k=1 




. 2 I 
3=0 te=3 J 
£2 
p^ie'.i^) n(e') Pĵ .j-CCg»«') dt' 
j=0 
n(e') Jii^yt') ae' from IV-10, 
and finally? 
ft2 
F(e2,eiKv(e2,ei)> = n(e') PUg.e') ae'. 
IV-14 
In oar problem resonances are oTjaerved at energies 
£^,£2 .. fijT aad therefore the expected number of resonances 
0 
missed in is; 
° ^ i=1 - Z 
i=1 p(eUi) n(e') Hc^^^fi') ai'Mt^^^ft^) 
IV-15 
which is to be compared with the Faketa-Haxvey result 17-4. 
In general for an open interval (E^,!^) where 
and Ep>£« , corrections imist be added in IV-15 to account 
for levels which were missed before the first observed 






which shows the similarity between ^ ^ 
(17-10). 
A similar term is added for <V(e^,E^)> -wkieii the 
previous resolved resonance before £ ̂  is unlmown, for 
example when the energy interval is taken from zero and the 
first resolved resonance occurs at £ ̂  ̂  and a term similar to 
17-14 is used when a resonance has been resolved at 
<V(e^,E^)>= n(e') dLtyne^rio^ . 
îhe solution for the expected number of levels missed in 
the energy range proceeds "by iteration as "before^ The F 
f-onction is rather complicated and depends on the true 
average level density. For n (E) = 1, liZ^^t^) is just the 
renewal density of levels (III-7) at fc^ after a level is 
observed at £ ^ and for a large interval, Fifc^tS-^ ) tends 
to V < D > (Cox 1962). 
p O 
If the only levels missed were levels having \ n less 
than the experimental detectability limit the 
observed distribution of reduced neutron widths would be a 
Porter-Thomas distribution truncated at oC(E). For a small 
enough energy range such that oC(E) is approximately constant, 
the observed distribution should therefore peak at the 
origin. In u^^^ however, the experimental distribution goes 
to zero at the origin as shown by the histogram of 31 values 
of r^nA^n^ in Figure 3 along with the expectation values. 
Evidently, some levels have been missed in this nucleus 
although having reduced neutron widths in excess of the 
Fuketa-Harvey limit. TJ^^^ has a small level spacing and 
relatively large average level width and it therefore appears 
likely that these other levels are missed because of over-
lapping. 
Musgrove (1967) attempted to modify the procedure of 
Fuketa and Harvey in order to include the contribution of 
overlapping levels. The method employed dealt specifically 
with fissile nuclide since these have typically large values 
for the ratio and therefore the effect of levels 
overlapping is expected to be greatest. Extension of the 
method to deal with non-fissile nuclei is trivial "but un-
necessary since the corrected Foketa-Harvey method is 
extremely powerful when overlapping of levels can he ignored. 
d) A Method of Correction for Fissile Nuclei 
The method of correction used "by Musgrove (1967) was 
hased on the predicted distriTmtion of resonance peak heights. 
In the single-level Breit-Wigner formalism, the peak height 
of a resonance with neutron width Pn and total width T 
is given hy: 
(To = 47\?i^grn/r, IV-18 
where % is the wavelength of the incident neutron. At a 
particular energy the cross section peak height is therefore 
proportional to Tn/r. (The number of levels observed with 
f n / r less than some arbitrarily chosen limit was compared 
with the number predicted from the theoretical distribution 
of the variate. fhe difference was then used as an estimate 
of the number of levels missed below the cut off value. As 
the limit is increased, the number of levels missed below the 
limit also increases until finally a plateau region is 
reached ̂ ere the number of levels missed remains constant 
(except for statistical fluctuations). The probable number 
of unresolved levels is then obtained by averaging the 
numbers of levels missed below a range of detectability 
limits in this plateau region. 
lO 
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n, FIGURE 3. A HISTOGRAiM OF 31 VALUES OF 
FOR U^^^ WITH EXPECTATION VALUES 
(BROKEN LINE) 
The probability for obtaining a value of n / r less 
than k is given "by Musgrove (1967) as: 
p(rn/r4k) = ^ £ dv, 
I?-19 
where K = exp(nc/2) ^ 
? = i l l l . 
2n<rg> 
and c = rr/<r^> 
The distribution of fission widths about their mean was 
assumed to be a chi-squared distribution with n degrees 
of freedom: 
p(z)dz = — — B exp(-nz/2) z dz , IY-20 
where z = , 
and the neutron width was ignored in comparison with T^h- Py 
in the total level width. 
Now suppose that levels are observed experimentally 
in an energy interval If total n-umber of 
levels missed in the range is V we may write the true 
average level spacing, the true average reduced neutron width 
and the true average total width as follows: 
< D > = , IV-21a 
HQ 
= Z » î n. IV-21b 
V v 
<r> = I JlllC' , 
where Priĵ  and P^ are respectively the reduced neutron 
width and the fission width of the ith resonance and ^n 
p;/ 
and r are the average values of these quantities for the 
missed resonances. 
The expected numher of levels having k is: 
p ( r n / r i k ) ( V V ) , 
while the number actually observed is , say, Oihe expected 
number of levels missed V ^ , below the detectability limit 
is therefore: 
\ = ( V V ) , p ( r n / P ^ k ) - Hĵ  . IY-22 
Por k in the plateau region, we may approximate V by V^ 
in this equation and solve by iteration as follows: 
Ci ^ ^ ^ . IY.23 
To minimise the effects of statistical fluctuations in 
several values of k are taken and the probable number of 
levels missed is oTitained ty averaging the resulting values 
of 
Calculations were made for the number of missed levels 
in U using three different sets of single-level parameters. 
3?hese were the compilation of recommended values of Stehn 
et al. (1965) (I), and two analyses made by Mfenecker 
(Mfenecker 1964 (II); Hifenecker and Perrin 1965 (in)), 
3?he energy interval selected was 1.8<E<26»0 eY. 
It was assumed that the average width of the missed 
levels was the same as for the observed levels and that the 
number of degrees of freedom in the distribution of the 
fission widths was 3. Table 5 gives the average data values 
used and the calculated expected number of levels missed for 
each of the three sets of data. 
(PABLE 5: AVmAGE DATA YALUES USED IN OAIiCULA!PION 
AHD CORRECTEI) VALUES 
I II III 
25 27 30 
ZPn^ (mV) 4.79 4.76 5.18 
<rf> (mV) 283 304 415 
PY (mv) 45 45 45 
< v > 12.6 11.4 8,7 
<v2> 10,0 4.0 3.5 
Total levels 
Present 38 i 3 38 ± 2 39 i 2 
<D> (eV) 0.65 i 0.05 0.65 ± 0,03 0.64 i 0,03 
<rn> (mV) 0,13 0.13 0.14 
Excellent agreement is o"btained among the three data 
sets for the total zismher of levels in the energy range amder 
consideration as well as for <rn> . the corrected average 
reduced neutron width. The percentage of levels missed is of 
the order of 30^. 
In the following section an improved method of correct-
ion for missed levels is described which no longer depends on 
correcting an experimental distribution of parameters, but 
gives the total probability for missing levels directly. 
Both classes of missed resonances are treated identically 
and weak levels are assumed to be missed owing to "over-
lapping" no matter what the Inter-resonance spacing. 
e) The •Resonance Profile• Method of Correction 
fhe Doppler-"broadened capture cross section at an 
energy E iDetween two adjacent resonance levels at energies 
Ê  and E^ i s given approximately T3y the svm of two Breit-
Wigner terms and a contribution from distant levels : 
0^(E) = 
n IY-24 
where U (3c,t) i s the ustial Toigt prof i le defined ty : 
/•eo 
d; (X,t ) = V 2 (-rtt) - V 2 exp 
-00 
- ( x - y ) V 4 t 
where x = 2(E-Ey.)/p , 
and t = . 
jJi i s the mass ratio and T i s the temperatiire of the 
ahsorher atom in energy imits. 
Radiation widths vary l i t t l e from level to level since 
radiative decay proceeds through a large n-umber of independ-
ent channels and i t i s usual to assume that the neutron decay 
widths are negligible in comparison. Under this assumption 
the total widths are approximately constant and equal to the 
radiation width, and I¥-24 can be written: 
(X^a const (|;(x,t) + rl|;(x-a,t) + 17^25 
where a = 2{E2-E^)/r, 
r = Tn^/Tn^ i s the ratio of the peak heights, 
and we have farther assnmed for simplicity that g^ = §2 
and t^ = tg» When r = o, the second resonance is missed 
for all values of a hut for a particular non-zero value of 
r, a limiting separation exists (say A(r,t)) where the two 
levels are j'ust resolved. We adopt the criterion that the 
resonances are Just resolved at the first foi^mation of a 
"shoulder" "between them, that is, when two points of in-
flexion first occur in the resonance profile of IY-25 in the 
interval o4x<a. Using the expression for given 
hy Clancy and Keane (1964), the second derivative of the 
cross section with respect to x can he written: 
- = const. 
dx 
1 - (l+x^+2t)lj;(x) - 2x(xl|)(x) - <̂ (x)) -f-
- (l+(x-a)^+2t)^(x-a) - 2(x-a)((x-a)l|;(x-a) 
' m 
^^^dist , IV-26 
1 . ^ r P 1 
where Sl5(x,t) = V2(^t)" ^^ exp -(x-y)V4t f 
and the argument t has been suppressed in Ip (x,t) and 
^(x,t). If it is now asstimed that ^^^^^ is a slowly varying 
q^uantity between the resonances and consequently that 
2 J 2^ 
^ "dist/^2:^0, the positions of the zeros of 
he found ntimerically. The limiting separation of the two 
resonances A(r,t) for which less than two points of 
inflexion occur in o < x < a is shown in Figure 4 versus r P 
for several values of t. For small values of it 
A(r,t) 
I I I i I I I 
FIGURE THE LIMITING SEPARATION FOR WHICH TWO ADJACENT LEVELS ARE JUST 
RESOLVED IS SHOWN VERSUS r FOR SEVERAL VALUES OF t . 
is seen that A(r,t) is proportional to a power of r; the 
exact dependence "being given below: 
A{r,©) = 1,213 
A(r,0.l) = 1.546 r-^' 
A(r,l) = 2.266 
A(r,10) = 7-482 IV-27 
n?he total prohahility of failing to resolve the two levels 
is the product of the probability for finding a relative peak 
height r and a level separation less than PA(r,t)/2 inte-
grated over all r. iDhe two distributions are readily 
obtained for a non-fissile nucleus which foms two level 
sequences when bombarded with slow neutrons. 
iühe frequency function for the peak hei^t ratio r is 
given simply by the P distribution with (1,1) degrees of 
freedom (Cramer 1945) since reduced neutron widths are 
p 
distributed about their mean as variables with one 
degree of freedom: 
-V2 = — dr . IY-28 
Tld+r) 
We require next the probability density of spacings 
resulting from the random superposition of two independent 
level sequences. If it is assumed that both sequences have 
equal average level spacings <D> and that both sequences 
are asymptotic in the renewal theoretical sense (Cox 1962) we 
may write the p.d.f. as: 
w^ix) = w(x) \ J w(x+y)dy + ( w(x+y)dy \ w(x+y)dy 
where w(x) is the Wigmer distribution 1-2. 
The first integral is 
r 7 w(x+y)dy = y(x+y)exp(-7C (x+y)V4)dy 
Jo J n ^ 
IY-29 
-exp(-7l(x+y)V4)y + f exp(-^ (x+y) V 4 ) d y 
J o »'o 
= erfc(^i?x) 
and the integrals 
therefore: 
/CO 
w(x+y)dy are simply exp(-7lx A ) and 
0 
w, (x) = ^ exp(-7CxV4)erfc(/7f x/2) + exp(-7lxV2) , IV-30 
where x = D/iCI)> . a?he distribution function for spacings of 
two superimposed level sequence is: 
W^ix^ y) = P Wp(x)dx 
0 




-erf c ( x / 2 )exp(-7l x V 4 ) 
exp(-7lxV4) ^ (erfc(j|^))ax 
r''exp(-7lxV2) dx 
Jo 
upon integrating by parts^ The differentiation of the comple-
o 
mentaxj error function gires -exp(-7lx /4) and the integrand 
vanishes so finally: 
Wgix^y) = 1 - exp(-^yV4) erfc (i(?y/2) . IV-31 
a?he total probal3ility for failing to resolve the two 
levels can now "be written explicitly as: 
P^(overlap) = |^R(r) W^UiX(r))dr , 17-32 
where X(r) =rA(r)/2<D> . fhe integration of IV-32 is per-
formed numerically and Figure 5 shows the overlapping 
probability versus P/<D> for several values of t. Figure 
6 shows H(r) versus r while Figure 7 shows the frequency 
and distribution fxmctions 17-30 and 17-31 against x = D/^Dy , 
!Dhere are further small corrections to be applied to the 
missing probability of 17-32 from multiple overlapping of 
levels. The contribution from levels overlapping three at a 
time can be calculated as for the two level case but since 
this will be found to be small, no higher order corrections 
will be attempted. 
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FIGURE 7. THE PROBABILITY DENSITY FUNCTION w^(x) 
AIW THE DISTRIBUTION FUNCTION W^Cx) 
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f) The Correotion for Triple Overlapping of Levels 
The capture cross section corresponding to IY-25 for 
three adjacent levels can "be written: 
(T^» const v)/(x,t) + r̂ cf̂  (x-a,t) + r^lp (x-hjt) 




a = 2(E2-E^)/r 
b = 2(E^ E^)/r , and o ^ a ^ h . 
The second derivative of the cross section corresponding to 
IV-26 is readily foimd and again the limiting values of a 
and "b for which less than two points of inflexion occur in 
o i X 6 h are found numerically. 
Figure 8 shows the limiting values K^^'TJ^^T^) and 
B2(r^,r2) for several values of r^ and and t = o. 
Because of the symmetry between the configurations (l,r^,r2) 
and (1, only values of need he 
considered. The overlapping prohahility in this case is a 
double integral over r^ and r2 and some simplification of 
the limiting level separations is desirable for computation. 
Comparison with the limiting values of a in Figure 4 for 
the two level problem allows the following approximations to 
be made to the limiting three level separations: 







r2 = l 
2 3 
AjCri. rj.t)-» 
r2 =0-l ra-O-OI 
FiaURE 8. THE LIMITING SEPARATIONS OF THREE LEVELS SUCH THAT THEX ARE 
JUST RESOLVED ARE SHOWN VERSUS r̂  AND FOR THE CASE 1; = 0 
r^^l, T^yr^ 
-74-
: AgCr^jr^) iSi A(r^) , 
A(r^) + Air/r^) , IV-34 
: A^ir^^T^)^^ A(r^) , 
Bgir^jr^) ̂  ACr^) , IV-35 
: k^^T^^T^) it Air̂ ) , 
, 17-36 
and the argument t has "been suppressed throughout. 
Owing to syiametry the three regions of ^^^^^ 
are sufficient to include all possible configurations of 
three levels. To proceed further, we require the probability 
that if a resonance occurs at E which is taken to be the 
origin, then the second level occurs within the interval 
04 a and the second level occurs within the interval 
o4x2^b, where b;^a. The two level sequences are assumed 
to have equal average level spacings and therefore, without 
loss of generality the resonance at the origin can be assumed 
to belong to the first sequence. Diagram 1 illustrates 
the situation. 
> 
0 c u 
If it is known that the first resonance after the origin 
occurs at x^ = k, it is not known to which sequence it 
belongs, the probability that the next level occurs in 
x,x+dx where x^k can be written: 
-75-
2 C / s 
P(x( X =l£) = Z h.(te) 43)(y,k)a7 + 
' j=1 L Jy: 
IY-37 
where here h^.(k) is the prol)ability that the resonance at 
k belongs to the jth sequence (j=1 or 2) while the proha-
Mlity density function is the conditional 
prohahility that the first leTel of the ith sequence after 
k occurs at x, given that the level at k "belongs to the 
jth sequence. Rememhering that the level at zero is assumed 
to "be of type 1, several of the p.d.f^s are inmiediate, for 
example: 
f](x,k) = w(x-k) IV-38 
ff(x,k) = w(x)/ r w(t)dt IV-39 
and f|(x,k) = w(x-k) , IY-40 
where w(x) is the Wigner distribution in 1-2. Now, since 
the position of the last resonance of type II before E(=0) 
is unknovm in this problem, the probability that the first 
level of t3rpe II after E occurs in x,x+dx is simply given 
by q^(x) (III-10) if we assume that the second sequence is 
asymptotic at the origin. a?herefore: 
f5(x,k) = q^(x)/J'^q^(t)dt . IV-41 
Furthermore: 
h^(k) = w(k) j^q^(t)dt/w2(k) 
= exp (-HkV4 )erfc ( ^k / 2 ) /w , (k ) IV-42 
and = q^(k) y w(t)dt/w2(k) 
IC 
= exp(-7CkV2)/w2(k) , IV-43 
where w^ik) is given by IV-30, Upon substituting IV-38, 39, 
40, 41, 42 and 43 into IV-37 we obtain: 
^ (2x-k)exp(-XxV4) • 
P(xlx,=k)= ^ rf(x.k)exp(~TC{x.k) V4)erfc( x/2) 
+ exp(-UxV4)exp(-K(x-k)V4) ^ exv(^Kk^A)^ 
. exp(-1l(x-k)V4) IV-44 
P (x2^b x^ = k) = j P(x x^ = k)dx . 
The probability that the third resonance occurs anywhere in 
the interval k<.X2<b given that the previous resonance has 
occurred at x^ = k is : 
b 
k 
Considering first, the integral of the first square 
bracketed term of IV-44, say: 
^ (x-.k)exp(-1l(x-k)V4)erfc( fjcx/2)+exp(-KxV4). 
.exp(-X(x-k)V4 
which is (by partial integration): 





= erfc(frck/2) - e x p ( - 7 r ( b - k ) ^ 4 ) - e r f c i V 2 ) . IV-45 
The integral of the second square bracketed quantity in IV-44, 
Ig say, i s : 
^ (2x-k)exp(-7CxV4)exp(-1C(x-k)V4)dx , 
Completing the square in the exponent we obtain: 
Ig = p7C(x-k/2) exp - (x-k/2)^ exp(-1CkV8)dx , 
m ' 
= exp(-1CkV8) j^exp(-1CkV8) -exp(- ^ (b-k/2)^ .IV-46 
Finally: 
PCx^^b I k)= exvi g/4) j^erfe (f^ k/2) -exp(^ TCC b-k) V^) > 
erfc(fiCb/2) exp ( - X k^/8) - exp(-. TT (b-k/2) ^/2) 
17-47' 
The required distribution can now be obtained by averaging 
17-47 over the positions for the resonance at x̂  = k: 
/* a 
Pix^^b and x^4a) = I w Ĉk) Pix^^ b|x^=k)dk . 
J o 
Integrating IV-47 term by term, the f irst term is 
p ^ exp(-'rckV4)erfc(f[fk/2)dk , 
which by partial integration gives: 
1 - erfc(^a/2) exp(-7CaV4) - exp(-.lCkV2)dk , 
and the remaining integral cancels the third term of IV-47, 
The second term, say is : 
= - erfc(fji b/2), exp(-1t kV4)exp(-1l(h-k) V4)dk , 
Completing the square in the exponent gives: 
Ig = - erfc(^h/2) ^ exp(- -f- (b/2-k)^) .exp(-7CbV8)dk , 
and substituting t = (b/2-k) in the integrand yields: 
= - erfc{VTCb/2)exp(-.TrbV8) 2 2 e x p ( - t 2 ) . f ( | - J | : tX X dt . 
= - erfc(i(ic b/2)exp(-1tbV8 
412 ^ 
The final term, say is : 
= p exp -̂ (4b̂  - 4kb + k̂  + 
3L 1 
2 2 
i f ( f a ) 
exp(- ^ (b/2 - k)2).exp(-3'?fbV8)dk 
n iW b 
erf(t) = - exp(-31ltV8) . 2 2 
f ( f a ) 
Upon gathering terms, the required distribution is given by: 
P(xp< b, a)=1-erfc(frr a/2)exp(-7l aV4)-erfc(-fir b/2)exp(-7i:bV8)' 
r 7Cb exp(-7lD2/8)-exp(- Vs) 
erf ( i f I -erf(ff( | -a)) IV-48 
FIGURE 9. A CONTOUR PLOT OP THE DISTRIBUTION 
FUNCTION P(x2^S2, x^^s^) VERSUS 
THE INTER-RESONANCE SPACINGS s-, AND 
Sg MEASURED IN UNITS OF<D> THE 
AVERAGE LEVEL SPACING PER SPIN STATE, 
where a^'b. Figure 9 shows a contcor plot of this distri-
bution versus ŝ  and S2 where ŝ  and s^ are the actual 
inter-resonance spacings? ŝ  = and Sg = Xg -
lext, the probability element in the joint distribution 
n O nrO pO pO 
of r^ = I n2/l n^ and T2 = ' n̂ /l is required. Since the 
2 
reduced neutron widths are distributed as X variables with 
one degree of freedoms (I-I), and writing = ̂ n^ 
where i = 1, 2 or 3, the joint element in the distribution 
of x^, X2 and x^ is: i=3 
P(x^,x2,x^)dx^dx2dx2 = T T exp(.x^/2)dx^ . 
The required element is obtained by substituting r^ = ' 




R(r^,r2)ar^dr2 = Ĵ (27Cr ir^r^r '̂ êxp 
n^/2) {2%)' ̂ ^ 
dx^dr^dr2 
(l+r^+r2) ̂ ^ ir^T^) 
and finally: R(r^,r2)dr^dr2 = dr̂  dr2• 
IV-49 





0 1 IV-50 
where X^ir^^r^) 
and . 
When the appropriate values for A^Cr^jr^) and B^Cr^jr^) 
are inserted from 17-34, 35 and 36, the integration can be 
carried oat n-umerically. Figure 10 shows the fonetion 
P2(overlap) versus the ratio r/<3D> for several values of t. 
For most nuclei, the correction can "be ignored for small 
values of t (low energies) hut in U^^^ for which r/<i)>i^0.2 
the correction amounts to ahout 2 per cent. 
r /<D> 
THE PROBABILITY FOR FAILING TO 
RESOLVE THE THREE ADJACENT LEVELS 
VERSUS r/<D> , < D > IS THE 
AVERAGE LEVEL SPACING PER SPIN STATE, 
g) The Method of Correction for Fissile Nuclides 
In fissile nuclides the calculation of the correction 
for missed levels is complicated hy the fact that the fission 
widths and hence the total widths, fluctuate from level to 
level and the peak height ratio of two resonances is no 
longer given by the ratio of two reduced neutron widths. 
Q?he fission cross section between two adjacent levels is 
given in the single level Breit-Wigner approximation by: 
(TJE) = + fjŷ d;(x-a,t) (1 r dist • IV-51 
where is the fission width of the level and all other 
symbols have been defined previously. Multilevel effects 
have been ignored in IV-51 since, owing to the level re-
pulsion effect, overlapping is much more probable for levels 
of opposite spin than for levels of the same spin and parity. 
In any case, it is expected that the limiting separation at 
which two levels with peak height ratio r are just resolved 
will, at least on average, be given by the A(r) found in 
the non-fissile case. In analogy with IV-25, the fission 
cross section can be written: 




r r 112/1 n^ , 
s = n n • 
The prolDability density function for the ratio s mast 
"be found and the first step is to find the element for the 
variate Once again, we assiame that fission widths 
are distributed about their mean according to a X ^ distri-
bution with n degrees of freedom, where n usually lies 
between 2 and 4: 
p(z) = 5^L§xp(-nz/2) , (z = r f /<rf» . IV-20 
Now since P ^ l̂ f + fy , the substitution y = z/(z+c)^ is 
made in IY-20 where: 
c = 
z = 
iy /<rf> is constant. 
|j « 2cy ± lfl - 4cy\ /2y to obtain, 
P(y) = 




^ ^ ( 0 ^ y 4 V 4 c ) , IV-53 
1 - 2cy + - 4cy' /2y and 
1 - 2cy - 1 - 4cy /2y . 
The element In the joint distritation of the two inde-
pendent variables Hf^/f^, ffg/Tl ^^ clearly: 
p(x,y)dxdy = 
n n f U ) f ( y ) 
xy^(l-4cx)(l-4ey) 
^ dsdy , IV-54 
where x = Hf^/f^ and y = ff2^2 ' probalDility density 
function for the ratio x/y is obtained by substituting 
u = x/y, V = y in IV-54 and integrating over v: 
p(u)du = n' n rV4. f(uv)f(v) 
uv/C 1 -4c y) (1 -4euv)' 
n n rV4 cu f(uv)f(Y) 
uvl|( 1-4cv) (l-4cuv) 
dv du, (u<1) 
IV-55a 
dT du, (u>1) 
IY-55b 
Putting Y = Sin^QAc in IV-.55a and v = Acu in 
I7-55b we obtain: 
p(u)du = K u 
K 
u J 
f (Sin^eAc )f(uSin^eAc )d6 ̂ ^ 
® Sine-jl-uSin̂ e 
f(Sin^eAc)f(uSin^eAc)d 
) IV-56a 
Sing j u-Sin^^ ̂  
du (u>1) IV-56b 
n n where K = — ^ ^ ^ • • 
The joint probability element in the distribution of 
is therefore T 
LE JOULU PI'UUCAUXIX U^ CA-CAITSXIU J-AX UAI* 
= rf^/f2 /rf/rl ana r = Tn/f^, 
p(r,u)du dr = •p(u)du dr (1 + r) 
and the element for the product ur is obtained by substitut-
ing X = ur, y = u and integrating over y: 
Q(X) = K P U/yr^hiY) dy ^ 
0 7C (x + y) 
Z r dy 
1 TT (x + y) 
IV-57 
and ultimately the required probability element in the distri-
bution of X = rs becomes: 
Q(x)dx 
n 
0 x+y xy+1 
^^^ f(Sin^6Ac)f(vSin^a/Ac)dg ^^ 
Sine //i-ySin^0' J JO 
IV-58 
upon manipulating the second integral in IV-57. Figure 11 
shows Q(x) versus x for c = 0,1 and an assumed value of 
n = 3 for the number of degrees of freedom in the fission 
width distribution. The total probability for missing either 
of two adjacent levels in fissile nuclei can now be obtained 
by replacing the R distribution by Q in IV-32: 
fOO 
P-, (overlap) = Q(r)W2(x éX(r))dr . IV-59 
Jo 
The overlapping probability for fissile nuclei is at 
most 5 per cent greater than that for non-fissile nuclei and 
for most purposes can be ignored. Because of this we do not 
attempt to calculate the three level overlapping probability 
for fissile nuclides but will be content to approximate it 
by the correction already calculated in the non-fissile case. 
We now give a calculation of the probability for missing 





PIGUES 11. THE PROBABILITY DENSITY FUNCTION Q(x) VERSUS 
X = RI I^FFG/RLY^'^^I'^I/RI ^OR THE CASE C = 0,1, n 
h) Calculation of the Probable Niainber of Missed Levels in 
In order to calculate the probable number of levels 
missed for care must be taken to select an 'unbiassed' 
sample of observed levels. Our criterion for failing to 
resolve two levels with peak height ratio r is that the 
levels are separated by less than X(r,t), In fissile nuclei 
where P fluctuates considerably from level to level it is 
possible for two levels to be resolved experimentally with 
r p 
separations less than the limit (for example when — ^ 
In the levels reported by Nifenecker (1964) at 7,65 eV, 
16,82 eV, 18,75 eV and 26.50 eV fall into this category and 
are therefore omitted from the 'observed* resonances for this 
calculation. 
Suppose that N^ levels are detected experimentally in an 
energy range where E^ and E^ are the energies of 
the first and last levels in the sequence and further suppose 
that V levels with average total width 
are missed In 
this range. The actual average level spacing -per spin state. 
^ D ^ and the actual average total width ^ P ^ may he written: 
- E^) 
< D > = , 
N + V - 1 
^ „ / IV-60 
Z Ti + V<r> 
<r> = 
No 
where is the total width of the ith level and we have 
assumed equal average level spacings in each spin state. For 
this calculation it will be assumed that the missed levels 
have the same average total width as the observed levels. 
The expected number of levels missed in can now be 
obtained by iteration: 
= + P^(overlap) + l̂ îoverlav) , IV-61 
where given respectively by IV-59 and IV-50, 
The parameters used for this calculation were taken from 
Nifenecker (1964) where 31 levels are reported with average 
total width 0,38 eV between energies 1 .799 eV and 29,51 eV, 
Since four of these levels are 'unresolved* by our criterion, 
we solve IV-61 for V using N^ = 27, The probable number 
of levels missed in the range was found to be 16.8 after 12 
iterations. The positions of four of these are known 
already, but the remaining 13 levels are undetected. This 
figure agrees very well with the earlier result of Musgrove 
(1967) where 1 1 - 2 was the expected number of levels missed 
for the Nifenecker (1964) data in a slightly smaller energy 
range. The corrected average level spacing of -'-'U for the 
present calculation is 0.64 eV compared with the previous 
corrected value of 0.65 eV. 
CHAPTER V 
CONCLUSION 
In this chapter we briefly recapitulate the main findings 
of this thesis, fhe Free Gras Model of the nucleus was used 
in Chapter II to obtain the average level spacing of the 
nucleus with mass number A, and neutron and proton numbers 
N and Z. At an excitation E, the density of levels of spin J 
was given by: 
P (n, J) = exp(2/|^) , , 
where U = E - P(Z) - P(N) , 
a = (0.00917 rs(N)+S(Z) + 0,U2\a for undeformed 
^ nuclides, 
a = ( o . 0 0 9 1 7 []S(N)+S(Z)J + 0,120)iA for deformed nuclides 
1 
and G" = 
1 2 
0,0888 (aU) A /2 
The parameters P(N), P(Z), S(N) and S(Z) are pairing 
and shell corrections derived from a semi-empirical mass law 
and were re-adjusted in section lie to fit the observed level 
densities. This set of parameters codifies all experimentally 
measured masses and level spacings and enables predictions to 
be made for tinlmown level spacings. 
A statistical analysis of thermal neutron cross sections 
was carried out in Chapter III. On both a simple model of a 
uniform sequence of identical, equally spaced levels, and on 
a more exact model where the distribution of level spacings 
and reduced neutron widths was taken into account, the mean 
thermal capture cross section was found to be: 
<0r> = TCk S/2 , 
where S^ is the s-wave strength fimetion ̂  ̂ r^/iny , and 
k is a constant. For both models it was demonstrated that 
the mean thermal cross section was approximately reproduced 
by the average contribution from the first level alone. 
Furthermore, it was explicitly demonstrated that Monte Carlo 
methods as used by Cook and Wall (1967) could not give reli-
able estimates for the mean thermal cross section unless the 
distribution function for the position of the first resonance 
was taken into account. It was shown that for a sequence of 
levels of the same spin sequence this distribution function 
was: 
2 = exp(-fCx /^) , 
where x = E^/<D> . 
In the absence of any information fixing the position of 
the first resonance, averaging the thermal cross section over 
the above distribution produces extreme variances, the 
standard deviations being an order of magnitude greater than 
the means. The best that can be done in such cases is to 
give an interval estimate for the unknown cross section, and 
if greater accuracy is required there is no alternative but 
an experimental determination of either the cross section 
directly, or of E^, the energy of the first resonance. 
In Chapter IV a new method for correcting experimental 
data for the effect of unresolved levels was developed. It 
was postulated that two levels are just resolved at the first 
formation of a • shoulder* between them. This point is defined 
mathematically as the smallest separation such that two points 
of inflexion occur "between the resonances. The limiting 
separation of the resonances A(r), is a function of the peak 
height ratio r, and the probability for missing levels is 
just the fractional area in (r,d) space (where d is the 
level separation) under the curve d = A(r). 
For non-fissile nuclides the probability of two levels 
overlapping in this manner was foimd to be: 
rco 
overlap) = R(r) W^ (x4X(r))dr , 




WgCx^y) = 1 - exp(-7\yV4)erfc('fify/2) ; 
while for fissile nuclides, the corresponding expression was: 







fi Sin^^Ac ) f( ySin^OAc ) da , 
> Sina ĵl - ySin^ 
where K = and n is the number of 
degrees of freedom in the fission width distribution, 
f(y) = exp(-nCi/2) C^ ^^ + exp(.n C2 ^^ f 
2 = p « 2cy ± /| 1 - 4cyl /2y 
and 
The probabili-fcy for levels overlapping more than two at 
a time was found to he small enough to ignore in most cases, 
A calculation using the data of Nifeneeker (1964) indi-
cates that approximately 30 per cent of the levels in that 
nucleus are \mdetected. This figure is in excellent agreement 
with an earlier calculation of Musgrove (1967) obtained hy 
correcting the observed distribution of resonance peak heights 
to the theoretically expected one. 
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